[1] In the current empirical study, we provide evidence about how the hydrologic responses of small mountain catchments are related to aspect (slope direction and exposure) at Redondo Peak, located in the Valles Caldera, New Mexico, United States. Specifically, we test the hypothesis that the transit time of water is related to the catchment aspect. Aspect is an easily measurable and transferable topographic characteristic that is related to the amount of direct solar radiation a particular catchment receives, and therefore, different catchments with different aspects have different rates of snow ablation, evapotranspiration, and water cycling in general. Transit times, which describe the time between when water enters the catchment as precipitation and when it leaves as stream flow, captures many hydrologic features such as flow path variability and the combined effects of water storage and water fluxes. We have designed an experiment that involves field data collection, isotopic analysis of stream and precipitation samples, and the estimation of transit times using lumped-parameter convolution for 15 sites in small (1-15 km 2 ) catchments that drain different aspects of Redondo Peak. Our data suggest that isotopic variability and estimated transit times are both related to aspect. Other potential relationships between topographical features (such as flow path length, slope gradient, and elevation) and isotopic measurements of stream water suggest that landscape and hydrological features are interconnected at Redondo Peak, but these links are not conclusive, suggesting that these topographic indicators do not fully explain the variability of water cycling in these small mountain catchments. 
Introduction
[2] In recent years, catchment hydrologists have attempted to find simple and effective ways to classify watersheds [McDonnell and Woods, 2004; Wagener et al., 2007] . Such classification schemes should help guide hydrological research (both in terms of modeling and measurements) and should provide constraints for predictions in ungauged basins. This new paradigm in catchment classification involves supplementing complex hydrologic models, which can suffer from overparameterization and therefore lose their physical meaning [e.g., McDonnell et al., 2007; Kirchner, 2006] , with innovative methods that capture different catchment characteristics and their effect on hydrologic response in a few similarity measures [e.g., Lyon and Troch, 2007] . With these classification goals in mind, the present study attempts to correlate hydrologic response with readily measurable landscape characteristics of several small mountain catchments. Moreover, this study postulates that not only are landscape structure and hydrological response connected but that they also coevolve over geological timescales.
[3] Catchment transit times are related to flow path heterogeneity Stewart and McDonnell, 1991; Kirchner et al., 2001; McGuire et al., 2005; McGuire and McDonnell, 2006] . They are good proxies for the combined effects of water storage capacity and water fluxes and can be considered as representative of the hydrologic response of a catchment over a given period of time. In catchment hydrology, transit time refers to the time that is elapsed between when water enters a hydrologic system and when it exits the system [McGuire and McDonnell, 2006] . Specifically, this study is concerned with water that enters the hydrologic system as precipitation or snowmelt and exits as stream flow. The time that water spends in a catchment affects microbial processes [e.g., Murphy and Ginn, 2000] and biogeochemical cycling [Reddy et al., 2006; Scanlon et al., 2001] .
[4] Catchment-scale transit times have been related to a number of landscape features using empirical links between various landscape characteristics and catchment transit time distribution (TTD) estimates. Such studies include observation-based investigations on the influence of topography [McGlynn et al., 2003; McGuire et al., 2005] , soil hydrology [Soulsby et al., 2006; Tetzlaff et al., 2007; Dunn et al., 2008] and geology [Vitvar and Balderer, 1997; Viville et al., 2006] .
Investigations relating transit times to topography are perhaps the most convenient because digital elevation models (DEMs) are widely available for both gauged and ungauged basins. Recent studies have attempted to relate transit time estimates to intracatchment topographic variability [Rodhe et al., 1996] , catchment area [McGlynn et al., 2003] , and flow path length and slope gradient [McGuire et al., 2005] . Looking across geomorphic regions, Tetzlaff et al. [2009] found that gravitational influences on hydraulic gradients affected transit times in steeper catchments, while soils were more important in provinces with more subdued terrain. Thus, areas with poorly drained soils have more overland flow and shorter transit times while areas with well drained soils have more subsurface flow and longer transit times. TTDs are clearly related (or, more appropriately, interconnected or coupled) to the development of catchment-scale geomorphology and pedology as they influence rates of geochemical weathering and soil development [Burns et al., 2003; Strudley and Murray, 2007; Evans and Banwart, 2006] .
[5] For decades, ecologists, soil scientists, geomorphologists, and hydrologists have recognized that the coevolution of hydrology, geomorphology, and pedology is controlled by energy, water and carbon flows, which are driven by temperature, chemical and gravitational gradients and modulated by vegetation, bedrock geology and time [Huxman et al., 2009] . At a specific location with uniform geology and climate, the aspect of the land surface will exert a strong control over the amount of received energy, and potentially will influence hydrologic response. The link between aspect and hydrology is straightforward. Aspect (along with other factors that influence the local energy budget, such as the latitude of the study site, the ratio between direct and diffuse solar radiation, prevailing winds, and shading due to distant topography) is related to the amount of incoming solar energy that a particular hillslope receives. This is especially true in the midlatitudes and high latitudes, as the sun is lower on the horizon, which results in a greater contrast between the energy inputs of north and south facing slopes.
[6] This controls water cycling at seasonal time scales. In the midlatitudes and high latitudes, snow processes are strongly related to aspect, as the intensity of incoming solar radiation affects snow accumulation [e.g., Veatch et al., 2009] , the timing and intensity of snowmelt [López-Moreno and Stähli, 2008; Pomeroy et al., 2003] , and the character of the snowpack [Gustafson, 2008] . This is important in catchment hydrology because in snow dominated systems, snowmelt can account for a large percentage of recharge waters [Liu et al., 2006] . The link between aspect and hydrological processes might also be important during the nonwinter months because solar insulation is tied to rates of evaporation and transpiration: the sun provides a significant portion of the energy that is required to evaporate water, and the amount of transpiration is related to the type and density of vegetation, which can be related to aspect, especially in semiarid environments [e.g., Sternberg and Shoshany, 2001] .
[7] At geologic timescales, aspect, through its control on energy fluxes, can also be related to landscape development, which, in turn, influences hydrologic response. Besides the observed differences in vegetation mentioned above, there is evidence that soil properties and topographical features change on differently oriented slopes. Casanova et al.
[2000] suggest that soil hydraulic conductivities can change on different aspects in arid and semiarid regions in central Chile because of differences in soil texture and organic matter contents of the soil. Other studies have suggested that soil depth is related to the amount of available energy in the semiarid southwest of the United States [e.g., Rasmussen and Tabor, 2007] , and deeper soils are thought to be associated with denser vegetation in central New Mexico [e.g., Khumalo et al., 2008] .
[8] These seasonal time scale controls on hydrologic forcing (i.e., snowmelt and evapotranspiration) and geological timescale controls on the landscape structure both influence hydrological processes. The main hypothesis of this study is that catchments with different aspects should exhibit different hydrologic responses (Figure 1 provides the conceptual framework for this study). Specifically, this study derives empirical relationships between various landscape characteristics and hydrologic response characteristics at 15 locations (representing small, <15 km 2 , individual and nested catchments) around a large dome-shaped mountain with homogeneous geology, called Redondo Peak, located in the Valles Caldera, New Mexico, United States. Because of the empirical nature of this study, it does not seek to determine ''how'' landscape controls hydrologic response and water cycling per se. Rather, it seeks to quantify the relationship between aspect and transit times to provide an initial observation about the link between energy inputs and hydrologic response at the catchment scale, in the hopes of developing simple and transferable metrics capable of capturing catchment-scale hydrologic response. This idea fits well with a holistic approach to catchment hydrology that recognizes that all components of a natural system (hydrology, ecology, topography, etc.) develop in concert [Troch et al., 2008] .
Site Description
[9] The Valles Caldera National Preserve is located in Sandoval County in northern New Mexico, about 50 km northwest of the city of Santa Fe (Figure 2 ) and just to the east of the North American Continental Divide. The preserve encompasses much of a large (19 -24 km wide), nearly circular caldera in the middle of the Jemez Mountains. This study focuses on the resurgent dome in the center of the caldera known as Redondo Peak, a prominent mountain that reaches an elevation of 3,432 m (over 1,100 m higher than the surrounding caldera floor). Redondo Peak is an excellent location to study the effects of aspect on hydrologic response because there are streams on all sides of the mountain but limited variability of internal geology and climate. In the Valles Caldera, the hydrology is snowmelt dominated [Liu et al., 2006; Molotch et al., 2009] and there is a continuous wintertime snowpack melting each spring. However, overall precipitation is less than 800 mm and the climate is semiarid, continental and montane. In addition, because the Valles Caldera is located in the transition zone between the Rocky Mountains and the deserts of the southwestern United States, it is especially sensitive to droughts, and is likely to be sensitive to climate change.
[10] The physical features of the Valles Caldera are distinctive. This is largely because it is geologically young (resulting from a $1.2 million year old volcanic eruption), and structural features have an especially strong influence on the distribution of many of the streams. The primary bedrock unit is the densely welded upper (Tshirge) member of the Bandelier tuff [Bailey et al., 1969] ; however, other volcanic rocks are exposed on portions of the Redondo Peak massif from volcanic activity that is as recent as 60 Ka [Reneau et al., 1996] . Redondo Peak and its associated massif is the relatively unfractured southeastern portion of the central resurgent dome in the Valles Caldera (which has been split down the center by a northeast trending apical graben [Nielson and Hulen, 1984] ). Redondo Peak is mostly covered with evergreen conifers. Forests are primarily composed of ponderosa pine (Pinus ponderosa) with gamble oak (Quercus gambelii) scrublands at lower elevations and on sunnier exposures with a variety of mixed-conifer species including blue spruce (Picea pungens), Douglas fir (Pseudotsuga menziesii), white fir (Abies concolor), corkbark fir (Abies lasiocarpa var. arizonica), Engelmann spruce (Picea engelmannii) and a few interspersed aspen (Populus tremuloides) stands at higher elevations and on shadier exposures [Coop and Givnish, 2007; Muldavin and Tonne, 2003] . Soils on Redondo Peak are made up of well drained Andisols, Alfisols, and Inceptisols and are mostly derived from the volcanic rocks [Muldavin and Tonne, 2003, Allen, 1989] . On Redondo Peak, the primary subunits are classified as Mirand Alanos complexes, Redondo-rubble land associations, and Redondo Course sandy loams (Table 1) . In some areas, though, the slopes are steep and bedrock rubble piles cover the land surface. This contrasts with the ''valles,'' or grasslands to the north and east of Redondo Peak, which have thicker Mollisols that are poorly drained [Muldavin and Tonne, 2003] .
[11] The climate on Redondo Peak is montane, yet because of its location in New Mexico, it is semiarid with high vapor pressure deficits (especially during the summer). There are extensive forests on the mountain slopes and grasslands in the ''valles.'' High temperatures range seasonally from about 0°C to 25°C, and low temperatures range from about À15°C to 10°C. Overall precipitation amounts depend on elevation, especially during the winter months [Bowen, 1990] . At nearby meteorological monitoring stations, measured annual precipitation varies from about 575 mm at a lower-elevation meteorological station (Wolf Canyon Met station $2550 m a.s.l.) to 725 mm at a higher-elevation snow telemetry (Snotel) station (Quemzon Snotel, $2900 m a.s.l. located 5 km east of Redondo Peak), with higher amounts on Redondo Peak itself [e.g., Molotch et al., 2009] . In the Valles Caldera, measurements indicate that about half of this precipitation falls during the winter months, primarily as snow, and the rest falls as rain during warmer times of the year, especially during brief but intense summer thunderstorms that are associated with the North American Monsoon.
[12] Prior hydrologic investigations have focused on subsurface hydrology at the Valles Caldera. Notably, local and regional geologic heterogeneity have resulted in numerous local groundwater systems [Vuataz and Goff, 1986] . There are also a number of geothermal systems in the Valles Caldera, primarily concentrated in two areas: the Sulfur Springs area, located about two kilometers west of Redondo Peak, and the Redondo Creek reservoir, which is located immediately to the west of Redondo Peak. Residence times of all of these waters range from very old (60 years to 10,000 years for deep cold groundwaters and geothermal waters) to very young (meteoric waters on the resurgent dome) [Vuataz and Goff, 1986] .
Methods and Materials

Hydrometric and Isotopic Data
[13] Stream waters were sampled at 15 locations around Redondo Peak, and stream flows and rainfall/snowfall amounts were monitored in the area (see Figure 2 and Table 1 ) during the spring and summer months in 2007. The experimental design emphasized the importance of having a large number of sampling locations to ensure that the relationships between hydrologic and landscape features are potentially statistically significant. Interstream and intrastream isotopic variability between sampling locations ( Figure 3 ) and local variability makes a smaller number of measurement locations uninformative when relating hydrologic and landscape features.
[14] A majority of the hydrologic data employed in this study involves the analysis of the stable isotopes of water (d 18 O and d 2 H) of both stream water and precipitation. Unfiltered grab samples of stream water were collected at an interval of approximately 2 weeks in 60 mL clear glass bottles with polyethylene caps. The water was sampled from the thalweg of each stream and sample bottles were capped immediately after collection. Rainfall samples were collected at four locations around the base of Redondo Peak, as well as at one location near the top of Redondo Peak. Bulk rainfall samplers consisted of a funnel draining into removable 500 mL plastic bottles that were housed within PVC. These 500 mL plastic bottles contained a thin layer of mineral oil to prevent evaporation when filled with rainwater as the oil film floats on top. In addition, two snowmelt lysimeters were positioned near a saddle on the upper flanks of Redondo Peak such that one was on a sunny, southwesterly facing exposure and the other was on a shaded, northeasterly facing exposure. Each snowmelt lysimeter consisted of four snowmelt pans that drained through a network of PVC pipes into a box containing a collection bucket along with an auto sampler (Teledyne ISCO) which sampled twice daily, and was emptied at approximately 2 week intervals when the samplers filled up. Again, a thin layer of mineral oil was used in conjunction with all snowmelt samples to minimize evaporation. All sampling occurred from snowmelt in mid-March through the end of the August 2007 at 2 week intervals, except during the monsoon season in July and August, when streams were sampled at 1 week intervals. The samples were analyzed for stable water isotopes ( and in-house error estimates of 0.11% and 0.4% (S. Desilets, personal communication, 2008) .
[15] This study also makes use of data that were collected during other prior and concurrent studies in the Valles Caldera. These data either relate to precipitation characteristics [Adams et al., 1995; Gustafson, 2008; Molotch et al., 2009] , and are used to validate or augment data to use as inputs to the convolution model (see below for explanation), or they relate to stream water characteristics [Vuataz and Goff, 1986; Longmire et al., 2007] , and are used to validate stream water isotope data that were collected during this study. Meteorological variables were measured at four meteorological stations [Moore, 2007;  Figure 2 for locations).
TTD Estimates
[16] Transit time distribution (TTD) estimates for surface waters commonly involve the use of convolution models, similar to those used in many groundwater studies [e.g., Begemann and Libby, 1957; Eriksson, 1958; Maloszewski and Zuber, 1982] . An extensive review of this method, as it is typically applied at catchment scales, is given by McGuire and McDonnell [2006] . Lumped parameter convolution models relate the isotopic signatures of precipitation to those of streamflow by applying a response function (which, although simplified, captures the effect of diverse flow pathways). It is represented by
where d out (t) is the predicted output isotopic signature of the stream, d in (t À t) is a time series of input isotopic values (of precipitation events), and g(t) is the response function, which represents the TTD [McGuire and McDonnell, 2006] . However, such studies involve extensive, preferably multiyear time series of tracer analysis. Other, simpler methods for inferring characteristics of transit times involve evaluating the ratio of the variability (represented as the standard deviation) of isotopic measurements in stream water and in precipitation to derive a transit time proxy [e.g., Tetzlaff et al., 2009] . Such proxies are typically correlated with mean transit time estimates from convolution models [Maloszewski et al., 1983; DeWalle et al., 1997; McGuire et al., 2005; Soulsby and Tetzlaff, 2008] . Because of the short nature of the sampling period, this study uses both the traditional convolution method in equation (1) and the isotopic variability of precipitation and stream water to infer characteristics of transit times at the Redondo Peak. The convolution method, when applied to 15 different sites around Redondo Peak, yields estimates of transit times distributions, and when taken in consideration with the isotopic variability, yields useful information related to the spatial variability of transit times around Redondo Peak.
[17] For the present study, the convolution model is primarily driven by and calibrated with field data (precipitation amounts and d
18
O characteristics of precipitation and stream water). Because of the variability in the stable isotopic signature of snowmelt water [Laudon et al., 2002; Feng et al., 2002; Taylor et al., 2001] , considerable attention is given to the temporal and spatial evolution of the wintertime snowpack and the subsequent melt period. Specifically, this study incorporates data from concurrent snow course surveys [Gustafson, 2008; Molotch et al., 2009 ] to help constrain the spatial variability of snowmelt inputs. This study uses snow course data from Gustafson [2008] to assess the spatial variability of snowpack characteristics (snow depth, snow water equivalent (SWE)) and 15 min automatic snow depth measurements ] to assess the temporal evolution of snowmelt. These observations, along with information about snow density from the snow course studies, are used to derive three snowmelt scenarios for differently oriented slopes (with respect to north) to simulate differing melt rates on different aspects (Figure 4a ). All measurements (both physical and isotopic) related to snow were collected on a saddle to the northeast of Redondo Peak within a circle of 1 km radius at elevations ranging from 2980 m to 3020 m. This elevation range is about halfway up the total elevation gradient of Redondo Peak (2670 m to 3430 m). The available data also suggest that there are elevation gradients to precipitation amounts as well as altitudinal isotopic affects during the winter but not during the summer in the Valles Caldera [Broxton, 2008; Adams et al., 1995] . Therefore, lapse rates have been calculated for both wintertime precipitation amounts (5% increase/decrease per 100 m higher/lower elevation) and wintertime d
O signatures (1% decrease/ increase per 1000 m higher/lower elevation), and applied to each catchment individually. Because the Redondo Peak study site is relatively small (<100 km 2 ) and is completely internal in the Jemez Mountain Complex, this study assumes that there are no systematic lateral differences in either precipitation amounts or their isotopic signatures.
[18] This study also relies on isotopic measurements of rainfall from a 3 year study assessing variability of precipitation chemical and isotopic data in and near the Jemez Mountains [Adams et al., 1995] . Data from that study show a clearly defined seasonal pattern of isotopic shifts with summertime precipitation being isotopically heavier (higher d 2 H and d 18 O values). These isotopic data are used in conjunction with the precipitation isotopic data collected during the spring and summer months in 2007 to define a seasonal sine wave that approximates the isotopic signature of rainfall (Figure 4b) . Along with the snowmelt scenarios (described above), this curve defines bounds for the temporal variability of the precipitation isotopic signature that is used in the convolution model.
[19] In addition, evapotranspiration of precipitation inputs is considered by weighting the recharge isotopic signature according to the size of each precipitation event and adjusted for the effects of evapotranspiration, similar to the weighting procedure applied by McGuire et al. [2005] . The isotopic signature of each precipitation input is multiplied by the adjusted daily precipitation or snowmelt amount for that date and divided by the average value for all adjusted daily precipitation or snowmelt amounts (to calculate an overall effectiveness of each precipitation input relative to all others). The evapotranspiration adjustment is found by subtracting the measured (or calculated, in the case of snowmelt) precipitation amount by the potential evaporation found using Penman's [1948] equation (using a wind function that accounts for turbulent transport assuming neutral atmospheric conditions [Brutsaert, 2005] ; the roughness length for a mature pine forest is estimated to be 1.5 m) times a constant value that is optimized during each model run. Because this constant accounts for both the effects of evaporation and transpiration, which affect rainfall and snowmelt inputs differently, it is allowed to be different for snowmelt inputs and rainfall inputs (namely, water will not evaporate through a snowpack if it still covers the ground, and transpiration rates are not only dependent on evaporative demand [e.g., Small and McConnell, 2008] ). All meteorological variables, as well as shortwave solar radiation, are measured at the above mentioned meteorological stations, and this study uses the averages of these variables. Net radiation is estimated using measured shortwave radiation and estimated longwave radiation using a cloud cover factor with an effective emissivity that is calculated on the basis of mean daily vapor pressure. To ensure year-to-year consistency of each modeled stream isotopic signature, the model is run with a 3 year warm up period with real meteorological data and isotopic signatures that are based the 2007 snowmelt samples and the [20] The response function used in the convolution model is the gamma distribution where k and q are parameters that describe the shape and scale of the gamma distribution. This choice of a gamma distribution yields flexible distributions that fit the prevailing theory that TTDs are typically skewed distributions with long tails. That is, they can simultaneously exhibit both long-term memory to past precipitation inputs, and shortterm responsiveness to current precipitation inputs ]. The convolution model is implemented numerically using MATLAB and the output is calibrated to the measured isotopic signatures of stream samples using an implementation of a downhill simplex optimization method (DSM) [Nelder and Mead, 1965] . DSM minimizes error on a response surface by repeatedly running the model with different parameter pairs, attempting to find a global minimum error by walking down the response surface from random starting points. This study treats each stream sampling location as having a unique TTD that can be characterized by both its first and second moments. The first moment represents the mean transit time (MTT), and the second moment relates to the standard deviation (SDTT) of the TTD for each catchment draining through each sampling location. We assume that the time that water spends in the stream network is insignificant compared to the time that it spends in the hillslopes because the time scales that we are dealing with are long (>1 month), and thus, the convolution model does not consider the kinematic wave effect [e.g., Kurtenbach et al., 2006] , or advective-dispersive transport [e.g., Jones et al., 2006] .
Landscape Characteristics
[21] Another important part of this study is the quantification of a variety of landscape characteristics of the areas draining through every stream sample point (see Figure 2 for locations). This study seeks to identify single metrics that can be measured using a DEM and map of land useland cover. Topographic analyses on the DEM are performed using a combination of computer codes to evaluate catchment characteristics. A geographical information system (GIS) (ArcGIS 1 ) is used to delineate catchment areas using a 10 m resolution DEM. A topographic analysis tool, TARDEM [Tarboton, 1997] , is used to calculate slope, aspect, and contributing area from the original DEM (P. Bogaart, personal communication, 2007) . This study also uses a map of distributed canopy coverage estimates derived from the calibration of vegetation density models using regression trees with Land Remote-Sensing Satellite (Landsat) spectral bands [Homer et al., 2004] . Finally, a MATLAB toolkit is used to compute layer statistics of the upstream contributing areas for each stream sample point pertaining to contributing area, median flow path length, aspect, slope, elevation, and estimated canopy coverage. Table 2 lists these values for each sampling location.
[22] The reported values for elevation, slope gradient, and canopy coverage are the catchment-wide medians of those characteristics for all raster cells draining through each stream sampling point. Aspect is found similarly, however, instead of the median, a directional average is computed. This involves averaging x and y components of the composite vectors that make up the aspect vector for each raster cell slope direction and then recombining them to find the resulting average aspect angle for the entire catchment. Because this study hypothesizes that aspect-induced differences are linked with the amount of solar radiation that a land surface receives (and to make it meaningfully comparable to other landscape and hydrologic features), the remainder of this paper will refer to aspect as the sine of the slope direction such that north facing slopes have a value of 1, and south facing slopes have a value of À1.
[23] Flow path length is found by using a threshold contributing area (A c ) to define a channel network for each catchment that matches the observed channel network (i.e., where the streams start flowing). The flow path length from each raster cell in a given catchment to this channel network is then evaluated, and the median catchment flow path length is calculated from all these individual flow path lengths. Table 2 gives the threshold contributing areas (A c ) used to derive the channel networks at each site.
Results
[24] In 2007, both wintertime and summertime precipitation amounts were comparable with long-term average precipitation amounts (105% of long-term average from October to April and 99% of long-term average from May to September, measured at Quemazon Snotel station, which is located $5 km east of Redondo Peak and has 27 years of data). Snowmelt began in mid-March, and after an initial period of extremely quick melt during which much of the snow at lower elevations and on sunnier exposures melted, continued at upper elevation sites until the end of April. May brought unseasonably wet weather. July and August had typical rainy weather associated with the North American Monsoon.
Isotopic Data
[25] Figure 5a shows that when the entire data set of isotope values from this study are considered, they fall along a meteoric line that has a lower slope (S = 6.9) than the global meteoric line (S = 8.0) [Craig, 1961] , indicative of precipitation occurring in an arid environment in which evaporation is important. Figure 5b shows that this trend is also present in other isotopic studies conducted in the Valles Caldera [Vuataz and Goff, 1986; Adams et al., 1995; Longmire et al., 2007; Gustafson, 2008] . In addition, it is unlikely that evaporation is a significant issue for the samples because of our sampling strategy and because samples that are known to be influenced by evaporation are removed from the overall trend (Figure 5a ).
[ [Taylor et al., 2001; Laudon et al., 2002] . The isotopic variability of rainfall, on the other hand, is both driven by seasonal variations and storm-to-storm variability and is therefore harder to characterize on a per event basis. Nevertheless, rainfall sampled in this study is isotopically heavier than snowmelt samples and varies systematically throughout the year [Adams et al., 1995] (see Figure 4b ).
[27] Isotopic variability of the stream samples is much more dampened than that of the precipitation samples. Isotopic data for each site are tabulated in Table 3 [Wang and Yakir, 2000] , however some studies [e.g., Ellsworth and Williams, 2007] note that plant roots take up stable isotopes in uneven proportions, leading to different isotopic trends. Deuterium excesses for each site are listed in Table 3 .
Convolution and TTD Estimates
[28] Figures 6a -6d show plots of meteorological inputs, the isotope response functions, and the predicted isotopic signatures (based on the convolution approach) at all stream sample sites for the entire period that the model was run (3 year warm up period plus 6 months of calibrated field data). Note that DSM optimizes the model on the basis of the 2007 stream sample isotopic measurements, while the actual meteorological measurements used to drive the model during the entire 3.5 year period accounts for any lag effects from these antecedent events (such as the exceptionally dry 2005 -2006 winter and the above average monsoon rainfalls during 2006). Also shown are streamflow measurements for flumes positioned at the bottom of a stream on the west side of Redondo Peak (called Redondo Creek) and a stream on the east side of Redondo Peak (called La Jara Creek), as well as isotopic measurements (and convolution estimates) for sample sites within those catchments (Figures 6e -6h) . Although the convolution approach (as implemented here) does not use streamflow measurements to obtain transit times estimates, they are given here to show that streamflow does not vary excessively through the year (note that the flumes became operational in August 2007, so both 2007 and 2008 streamflows are given). Streamflow responded considerably (in terms of duration) to wintertime snowmelt while short-lived fluctuations resulted from higher intensity rain events (mostly thunderstorms) during the summer. The isotopic measurements, on the other hand, were generally higher in the spring, lower during the midsummer, and again higher during the late summer in 2007 (Figures 6d, 6g , and 6h). Mean transit times (MTTs) and standard deviations of transit times (SDTTs) derived from the best fit TTD resulting from the convolution model at each stream sample site are given in Table 3 . Taken as a whole, the group of MTT estimates has a mean and standard deviation of 123 ± 29 days, and the group of SDTT estimates has a mean and standard deviation of 90 ± 32 days. To give a general measure of model performance, Nash-Sutcliffe efficiency (NSE) [Nash and Sutcliffe, 1970] measures are also listed in Table 3 .
[29] It is also important to consider the limitations of the lumped parameter convolution method to infer characteristics of TTDs. First, as mentioned above, the convolution method requires an extensive and continuous data set of stream samples that preferably spans several years [McGuire and McDonnell, 2006] . Because of this, it is not possible to exhaustively quantify the accuracy of the transit time estimates or to understand potential interannual variability at this site. Further, the convolution method, by itself, does not explicitly consider ''recharge'' as being different from ''precipitation.'' In reality, precipitation inputs, once infiltrated, are divided into water that is used by the ecosystem, that which percolates to the deeper subsurface, and that which discharges to streams and springs, where the isotopic measurements are made. Also, the amount of water that is used by the ecosystem varies seasonally, with more transpiration occurring at certain times of the year depending on various factors such as soil moisture, evaporative demand and plant adaptation [e.g., Small and McConnell, 2008; McDowell et al., 2008] . This explains why in Valles Caldera, half of all precipitation occurs during the summer but the stream isotopic signatures remain very close to those of snowmelt water. The convolution model, as implemented in this study, takes these considerations into account, however further study is needed (and is currently being conducted in the Valles Caldera) to understand the importance of evaporation and especially transpiration at this site. Further, the isotopic signatures of precipitation inputs observed in this study may be modified by fractionation that is related to root uptake and the evaporation of rainwater before it infiltrates.
Landscape Characteristics and Hydrologic Response
[30] The primary purpose of this study is to investigate the connection (and interconnection) between landscape characteristics and hydrologic response. This involves combining data from Table 2 , which tabulates computed landscape characteristics for each sampling point, and Table 3 , which tabulates measured hydrologic data at each sampling point (including estimated transit times). Table 4 lists significant correlations involving the characteristics found in Tables 2 and 3 (those whose p values are less than 0.05). These relationships are divided into two categories: Table 4 shows correlations involving both a landscape characteristic and a hydrologic characteristic and correlations that involve either two landscape characteristics or two hydrologic characteristics. This methodology causes subcatchment variability to be lost in a catchment-wide characterization (e.g., consider an eastward flowing stream that has a combination of east, north, and south facing slopes that all contribute W08427 BROXTON ET AL.: ASPECT AND WATER TRANSIT differently to the overall water budget). However, such simplifications are necessary to make connections between landscape metrics and hydrologic response that are transferable to other catchments, both gauged and ungauged.
Discussion
[31] Important to this study is the concept that there is an interconnection between landscape characteristics and hydrologic response. For example, intrinsic structural and emergent features of the hillslopes are integrally related to the catchment form and function [Wagener et al., 2007] . This results from the interaction between adaptive ecological, geomorphic, and land-forming processes [Sivapalan, 2005] . As outlined in the introduction, this coevolution of landscape structure and hydrologic response supports the use of simple and readily measurable landscape descriptors to make comparisons of hydrologic responses, such as transit times. It also allows for correlations (but not causality) to be inferred between these different characteristics. The fact that there are a large number of potentially significant correlations between various topographic characterizations and hydrologic responses (Table 4) supports the idea that landscape and hydrology are interconnected at Redondo Peak.
[32] The available data also give support to the hypothesis that aspect is a suitable descriptor for classifying hydrologic response at Redondo Peak. Table 4 ( lines 4, 9, 10) shows that there are significant correlations ( p < 0.05) between aspect and isotopic measurements and aspect and TTD estimates determined by the convolution model. (Table 4 , line 13). This implies that when MTT is longer, the TTD is more spread out. MTTs and SDTTs are also correlated with isotopic variability such that greater isotopic variability is associated with shorter transit times (Table 4, lines 19, 20) . Figure 7 graphically shows the relationships between aspect and estimated TTD characteristics and isotopic variability.
[33] A variety of other topographic indicators are considered as well, however at Redondo Peak, these relationships are mixed or do not tell a consistent story. First, flow path length and slope gradient are significantly correlated ( p < 0.05, Table 4 , line 15) such that longer flow paths are associated with steeper slopes. This can be attributed to the shape of Redondo Peak (gentle slopes on top where there are short flow paths, steeper sides where there are longer flow paths). This relationship makes it difficult to apply a flow path length/slope gradient (L/G) metric (such as that used by McGuire et al. [2005] ) because the positive correlation between flow path length and slope gradient render their division, L/G, noninformative. Further, neither flow path length nor slope gradient are significantly correlated with transit times estimates or isotopic variability (rather, they are correlated with mean isotopic values and deuterium excesses, and these correlations do not provide conclusive evidence that these metrics are related to hydrologic response at Redondo Peak). Besides, the L/G metric is generally applied to catchments that are larger than the presently studied catchments. Also note that catchment elevation is significantly correlated with the standard devi- 18 O measurements such that there is greater isotopic variability at higher elevations, which indicates shorter transit times toward the top of Redondo Peak. This runs counter to traditional arguments that higher elevations have deeper soils [Rasmussen and Tabor, 2007] , which should lead to longer transit times [e.g., McKenzie et al., 2003] . The convolution modeling does not support this elevation dependence though, and instead, the TTD estimates are more closely related to mean isotopic composition of the stream waters (Table 4, 18 O measurements are not significantly correlated with elevation when all sample sites are considered, removal of an outlier (sample site 13) causes significant correlations ( p < 0.05) to appear such that higher catchment elevations are associated with more negative isotopic values. Removal of this outlier also weakens the relationships between catchment elevation and isotopic variability mentioned above. In addition, it should be noted that nontopographic factors, such as soils also influence transit times, especially in areas with subdued topography [e.g., Tetzlaff et al., 2009] . Even in the Valles Caldera, this can be seen by comparing the isotopic signatures of streams that flow through relatively well drained soils on Redondo Peak with those that flow through the surrounding grassy meadows (or ''valles'') with relatively poorly drained soils: a stream flowing through one of these Valles (called Jaramillo Creek) showed relatively high d 2 H and d 18 O variability (standard deviations of 2.4% and 0.35%) and a high deuterium excess (À6%).
[34] On the basis of the available evidence, this analysis shows that of the studied landscape variables, aspect is likely to be the primary topographic controlling factor in determining the transit times around Redondo Peak. Variability of d 2 H and d 18 O measurements and estimated MTTs/ SDTTs all indicate that south facing slopes have shorter transit times on Redondo Peak (Figure 7) . The link between aspect and transit times is powerful because aspect captures a variety of topographic and nontopographic factors alike. The formation of the resurgent dome $1.2 million years ago that is today's Redondo Peak gives a starting point for landscape formation on approximately uniform geology. From this starting point, the landscape and its hydrology coevolved to the present situation at Redondo Peak. Under the short time scale of human observation, the hydrologic response on different aspects of Redondo Peak appears to be conditioned by several landscape features. Taking a geologic timescale perspective, it can be appreciated that variations in landscape features are manifestations of variations of water and energy fluxes (and their relative importance) controlled by aspect. In snowmelt-dominated and semiarid environments such as at Redondo Peak, the amount of energy that a particular hillslope receives affects a variety of factors such as the timing and intensity of snowmelt, evapotranspiration, and vegetation patterns.
[35] The interconnected nature of landscape evolution [e.g., Rasmussen and Tabor, 2007] and hydrologic coevolution [e.g., Wagener et al., 2007] make it difficult to determine causality (do landscape features influence the emergent hydrology or does hydrology influence the development of landscape features?). Table 5 shows that south facing slopes, on average, do not only have shorter estimated transit times, but longer flow paths, steeper slopes, and less overall canopy coverage as well. Because causality probably cannot be inferred from these relationships, this study provides a preliminary assessment of the link between transit times and aspect instead of seeking a detailed understanding of the processes leading to differences in water cycling. The exact influence of aspect will vary from place to place because aspect is an imperfect proxy for the energy fluxes that a particular hillslope receives. For example, weather patterns, the ratio of direct to diffuse or scattered solar radiation, or distant topographic shading will strengthen or weaken the influence of aspect, and further, different environments (for example with abundant precipitation or no significant snowpack) will respond differently to variations in energy fluxes. Nevertheless, this study provides an initial insight into the strengths of using aspect (as a simple and transferable proxy for energy inputs) to capture a variety of factors that directly affect water cycling in semiarid and snowmelt-dominated environments such as Redondo Peak.
Conclusion
[36] The correlations found between various hydrologic and landscape characteristics at the Redondo Peak site suggest that landscape characteristics and water transit times are intimately linked at this site. This study finds that aspect is a suitable descriptor for interpreting water transit times at The first grouping shows TTD estimates (MTTs/SDTTs) and isotopic variability, while the second shows terrain characteristics. The divisions are those with sin(aspect) > 0.33 (northerly), À0.33 < sin(aspect) < 0.33 (neutral), and sin(aspect) < À0.33 (southerly).
this site, and potentially others like it, as there are notable correlations involving aspect, the isotopic variability of stream water, and MTTs/SDTTs (all indicating the possibility of shorter transit times on south facing slopes). In addition, there are potential relationships between isotopic signatures and other topographical indicators, such as flow path length, slope gradient, and elevation, but these links are not as conclusive and do not necessarily imply modulation of hydrologic response, suggesting that these topographic factors do not adequately capture the variability of water transit times at Redondo Peak. Moving forward, this work, and others like it, will hopefully lead to a greater understanding of the variability of hydrologic response in mountain catchments. Understanding water transit time is especially important in areas like the Valles Caldera, because these headwater regions generally have a disproportionately large affect on downstream chemical and physical characteristics of streams and rivers [Alexander et al., 2007] , and understanding how water is retained and discharged out of these regions is of great importance to water managers.
